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Secondary sedimentation is one of the most commonly used unit operations ill 
wastewater treatment plants. It is customary designed to achieve solids separation 
from biologically treated effluent through clarification of biological solids and 
thickening of sludge. As treatment plants receive increasingly high wastewater flow, 
conventional sedimentation tanks suffer from overloading problems which result in 
poor performance. I nclined plate settlers, a form of tube settlers, may have good 
potential in upgrading sedimentation tanks. This study was conducted to examine the 
possibility of applying inclined plate settlers in secondary sedimentation in order to 
upgrade conventional rectangular sedimentation tanks and improve their performance. 
An extensive experimental study was conducted at Al-Awir sewage treatment 
plant in Dubai using a pilot-scale inclined plate settler which received a mixed liquor 
stream from the high-rate activated sludge aeration tank. The experiments were 
divided into two sets. In the first set of the experiments, the pilot-scale tank was used 
as a conventional settling tank (without inclined plates). The second set of experiments 
were conducted using the same tank with inclined plates Different flow rates were 
used in each continuous experiment during which several samples were collected from 
iii 
influent and effluent of the tank The samples were analyzed to determine suspended 
solid , total solids, biochemical oxygen demand and chemical oxygen demand. In 
addition, some samples were taken from the settled sludge to determine solids 
concentration 
The results of this study showed that inclined plate settlers perform slightly 
better than conventional type settlers during normal operation of plants but during 
peak flows, the inclined plate settlers showed much better performance than 
conventional settlers The inclined plate settlers are less affected by overloading in 
comparison to conventional settlers The solids removal efficiency increased as the 
hydraulic residence time was increased or as the surface loading rate was decreased 
Application of these plates will not cause any interruption of daily operation of 
treatment plants and could be achieved at minimal cost when compared with other 
methods such as addition of chemicals, application of deep tanks, . etc. The study 
revealed that S S  is a better parameter than TS, BOD, COD to evaluate the 
performance of sedimentation tanks.  A statistical model was formulated to describe 
tank performance and design parameters were obtained based on the experimental 
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C HAPTER ONE 
INTRODUCTION 
1. 1 Wastewater Treatment:  An Overview 
Every community produces both liquid and solid wastes The liquid portion, I . e  
wastewater, is  essentially the water supply of  the community after i t  has been fouled by 
a variety of uses From the standpoint of source of generation, wastewater may be 
generated from residences, institutions, commercial, and industrial establishments, 
together with such groundwater, surface water, and stormwater as may be present If 
untreated wastewater is allowed to accumulate, the decomposition of the organic 
materials it contains can lead to the production of large quantities of malodorous gases 
I n  addition, untreated wastewater usually contains numerous pathogenic, or disease­
causing, microorganisms that dwell in the human intestinal tract or that may be present 
in certain industrial waste. The ultimate goal of wastewater management is the 
protection of the environment in a manner commensurate with public health, economic, 
social and political concerns. 
1 
2 
The increasing concern which is bemg voiced as to the destruction and pollution 
of our environment has produced a growing worldwide awareness of the need for more 
effective wastewater treatment In addition the contribution of wastewater treated 
effluents and sludge to the spread of many types of human and animal infection is now 
being quantified This has emphasized the vital need for improved water supply and 
sanitation, especially in developing countries Operation of wastewater treatment works 
are thus no longer the exclusive domain of the engineer and chemist, multidisciplinary 
teams of engineers and scientists are required in order to maximize the benefits to the 
community which should occur from the installation of sewage treatment 
In modern societies proper management of wastewater is a necessity, not an 
option. Wastewater collected from municipalities and communities must ultimately be 
returned to recelvmg waters or to the land. The complex question of which 
contaminants in wastewater must be removed to protect the environment - and to what 
extent - must be answered specifically for each case. The answer to this question 
reqmres analyses of local conditions and needs, together with the application of 
scientific knowledge, econOmIC analysis, and engineering judgment based on past 
experience and consideration of national requirements and regulations 
1.2 Evolution and Development of Wastewater Treatment 
Although the collection of stormwater and drainage water dates back to ancient t imes, 
the collection of wastewater can be traced only to the early 1 800s. The systematic 
treatment of wastewater followed in the late 1 800s and early 1 900s Development of 
the germ theory by Koch and Pasteur in the latter half of the nineteenth century marked 
the beginning of a new era in sanitation. Before that time, the relationship of pollution 
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to di sease had been only faintly understood, and the cience of bacteriology, then in its 
infancy had not been applied to the subject of wastewater treatment. 
Historically, the practice of collecting and treating wastewater prior to disposal 
IS a relatively recent undertaking Although remains of sewers have been found in 
ancient cities, the extent of their use for wastewater carriage is  not known The 
elaborate drainage system of ancient Rome was not used for waste disposal, and wastes 
were specifically excluded from the sewerage system of London, Paris, and Boston 
until well after the turn of the nineteenth century . 
The first "modern" sewerage system for wastewater carnage was built in 
Hamburg, Germany, in 1 842 by an innovative English engineer named Lindley. 
Lindley's system included many of the principles that are still in use today. Most of the 
improvements in wastewater collection systems over the last 1 00 years have consisted 
of improved materials and the inclusion of manholes, pumping stations, and other 
appurtenances 
The treatment of wastewater lagged considerably behind its collection. 
Treatment was considered necessary only after the receiving waters capacity was 
exceeded and nuisance conditions became intolerable Various treatment processes 
were tried in the late 1 800s and early 1 900s, and by the 1 920s, wastewater treatment 
had evolved to those processes in common use today. Design of wastewater-treatment 
facilities remained empirical, however, until mid-century. In the last 30 to 40 years, 
great advances have been made in understanding wastewater treatment, and the original 
processes have been formulated and quantified The science of wastewater treatment is  
far from static, however. Advanced wastewater-treatment processes are currently being 
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developed that will produce potable water from domestic wastewater Problems 
as ociated with wastewater reuse will no doubt challenge the imagination of engineers 
for many years to come 
Philosophies concerning the ultimate disposal of wastewater have also evolved 
over the years As previously mentioned, the practice of land disposal was replaced by 
the convenience of the water carriage system with direct discharge to surface waters 
Operating under the assumption that the " solution to pollution is dilution," the 
assimilative capacity of streams was utilized before treatment was deemed necessary. 
For many years, little, if any, treatment was required by small communities located on 
large streams, while a high level of treatment was required by large cities discharging to 
small streams In  more recent times, the policy has shifted to require a minimum level of 
treatment of all waste discharges, regardless of the capacity of the receiving stream. 
Under current practice in the United States, all dischargers are given a permit stating 
the maximum amount of each pollutant that they are allowed to discharge. Discharge 
permits are no longer intended to just prevent discharges that exceed the self­
purification capacity of the streams, but are concerned with obtaining the "fishable, 
swimmable" goals mentioned. 
1 .3 Systems for Wastewater Treatment 
Methods of treatment in which the application of physical forces predominates are 
known as unit operations. Methods of treatment in which the removal of contaminants 
is brought about by chemical or biological reactions are known as unit processes. At the 
present time, unit operations and processes are grouped together to provide what is 
known as primary, secondary, and tertiary (or advanced) treatment . In primary 
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treatment, physical operations such as screening and sedimentation are used to remove 
the floating and settleable solids found in wastewater In secondary treatment, 
biological and chemical processes are used to remove most of the organic matter. In  
advanced treatment, additional combinations of unit operations and processes are used 
to remove other constituents such as nitrogen and phosphorus, that are not reduced 
significantly by secondary treatment . Wastewater treatment plants encompass a number 
of unit operations and processes of wastewater treatment arranged in a manner as to 
achieve a certain level of effluent quality Land treatment processes, now more 
commonly termed 'natural systems' combine physical, chemical, and biological 
treatment mechanisms and produce water with quality similar to or better than that 
from advanced wastewater treatment 
At the present time, most of the unit operations and processes used for 
wastewater treatment are undergoing continual and intensive investigations from the 
standpoint of implementation and application As a result, many modifications and new 
operat ions and processes have been developed and implemented More need to be 
made to meet the increasingly stringent requirements for environmental enhancement of 
water courses In addition to the developments taking place with conventional 
treatment methods, alternative treatment systems and technologies, such as those 
involving the use of aquatic plants, are also under development If significant 
improvements are to be made in the analysis and application of both existing and new 
processes, improved methods of wastewater characterization must be developed 
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1.4 U pgrading of Wastewater Treatment Plants 
The number of organic compounds that have been synthesized since the tum of the 
century now exceeds half a million, and some 1 0,000 new compounds are added each 
year As a result, many of these compounds are now found in the wastewater from 
most municipalities and communities. Currently the release of volatile organic 
compounds (VOC's) and volatile toxic organic compounds found in wastewater is of 
great concern in the operation of both collection systems and treatment plants .  
Although most of the compounds found in wastewater can be treated readily, 
the number of such compounds that are not amenable to treatment or that are only 
slightly amenable to treatment with the conventional processes presently used is 
increasing. Moreover, in many cases, little or no information is available on the long­
term environmental effects caused by the presence of these compounds 
Because of the changing characteristics of the wastewater, studies of 
wastewater treatability are increasing, especially with reference to specific compounds 
Such studies are especially important where new treatment methods are being 
proposed Therefore, the engineer must understand the general approach and 
methodology involved in ( 1 )  the assessment of the treatability of a wastewater 
(domestic or industrial),  (2) the conduct of laboratory and pilot plant studies, ( 3 )  the 
translation of experimental data into design parameters. 
Upgrading of existing wastewater treatment plants (WWTPs) may also become 
necessary for a variety of reasons. Growth within the service area, or the desire to serve 
additional areas, may result in the need to increase the capacity of an existing treatment 
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facility New, more stringent requirements may be imposed on a treatment facility, 
resulting in a need to upgrade treatment capabilities Older facilities may need 
upgrading to replace existing equipment that no longer functions as intended or to 
allow installation of newer, more efficient and cost-effective technology In this case, 
the objective of the upgrading may be to improve plant reliability and / or reduce 
operating cost Of course, more than one of these reasons may combine for a particular 
plant 
The topic of upgrading existing wastewater plants is particularly important at 
this time It is important both because of the large number of existing facilities and 
because of the increasing stringent requirements imposed on wastewater treatment 
facilities 
It appears that further investments in wastewater treatment facilities will be 
required While the speculative nature of estimates such as these must be considered, 
recent trends suggest that, if anything, they may be low. Public opinion concern about 
the quality of the natural environment is an ongoing demand for environmental 
protection This demand has been translated into a series of regulatory initiatives that 
demand successively higher levels of treatment from wastewater treatment facilities 
Factors such as increased emphasis on protection of water quality and biomonitoring 
requirements are leading to more stringent wastewater discharge standards. 
Many wastewater treatment plants have been in service for a number of years 
and may be using obsolete equipment or technologies that are no longer cost effective. 
The classic example of this is  in the area of plant instrumentation and control ( I&C) 
Most of us are fami liar with the revolutionary changes in computer technology that 
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have occurred over the past few years Many WWTPs have plant computer systems 
that were installed a few years ago In many cases these plants are no longer able to 
maintain these systems, either the system manufacturer is no longer in business or the 
manufacturer no longer supports the equipment because so many changes in technology 
have occurred In instances such as these, it is often cost-effective to replace the 
existing system with a more powerful, new generation system. It is important to note 
that, in these situations, direct replacement of single pieces of equipment or systems 
may result in greater overall cost savings 
Finally, in many cases more reliable performance is expected from WWTPs In  
some instances this is reflected in increasingly stringent limits placed on plant discharge 
permits . I n  other cases, it is reflected by more active enforcement of existing limits. In  
either case, a higher level of treatment will be required from the facility These factors 
clearly indicate that upgrading of existing wastewater treatment plants is, and will 
continue to be , an important i ssue. 
1.5 Objectives of the Study 
The ultimate goal of this study is to upgrade the secondary sedimentation facilities in 
wastewater treatment plants. The specific objectives are' 
To determine solids removal efficiency by using inclined plate settlers 
2 To evaluate the performance of plate settling tanks compared to conventional 
settling tanks . 
3 To examine the possibility of upgrading conventional secondary clarifiers 10 an 
operating wastewater treatment plant by applying inclined plate settlers. 
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I n  order to achieve the objectives of the study, field experiments were 
conducted m the mam wastewater treatment plant in Dubai using pilot-scale 
sedimentation tanks with and without inclined plate settlers for secondary clarification 




L ITERATU RE REVIEW 
Sedimentation of suspended solids is essential for the success of any wastewater 
treatment system. Sedimentation facilities usually represent approximately one-third of 
the total capital cost of a conventional treatment plant (Fadel and Baumann, 1 990) In  
this chapter, the performance of both conventional and upgraded sedimentation tanks 
will be discussed 
2.1 Conventional Sedimentation Tanks 
Sedimentation is the removal of solid particles from a suspension by gravitational 
settling This takes place in sedimentation basins which are often referred to as either 
clarifiers or thickeners. If the main purpose of the operation is to produce an effiuent 
stream with low suspended solids, the tank is usually called clarifier. If the major 
concern is the production of a concentrated suspension, the tank is normally called a 
thickener The terms clarifier and thickener are often used interchangeably in 
describing settling tanks for effiuent streams from activated sludge reactors . Since both 
10 
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clarification and thickening occur in any sedimentation basin, both functions should be 
considered in the design of such basins In wastewater treatment plants, sedimentat ion 
is applied to a variety of organic and inorganic solids from the waste stream entering 
the plant Secondary settling tanks handle the solids in the effluent from a biological 
reactor which are termed biological solids ( Sundstrom and Klei, 1 979) 
Sewage which has been subjected to preliminary treatment has had the majority 
of large solid and floating materials removed However, it wil l  still contain a high 
concentrat ion of suspended particles in the size range from 0 05- 1 0  mrn, and these are 
known as settleable solids It is not essential for settleable solids to be removed before 
biological unit processes which are designed to operate without the provision of 
primary sedimentation However, a well-designed sedimentation tank can remove 40% 
of the BOD in the form of settleable solid .  The advantages of this are that it reduces 
the BOD load to the next stage of treatment and thus permits smaller reactor sizes, 
with consequent lower power consumption In addition the reduced BOD loading 
results in a smaller surplus sludge production, which in tum allow the provision of 
smaller secondary sedimentation tanks. As a result of these advantages, sedimentation 
is the most used process in wastewater treatment and, with the exception of waste­
stabilization ponds, are the most cost-effective units at a wastewater treatment plant 
(Horan and Wiley, 1 990). 
Settling tanks are key components of most wastewater treatment plants 
Primary settling tanks are used to remove settleable solids and associated pollutants, 
from influent wastewater. Secondary settling tanks are essential elements of both 
suspended and fixed growth biological wastewater treatment systems In suspended 
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growth systems, settling tanks are used both to clarify the effluent from the suspended 
growth reactor and thicken the settled solids for returns to the reactor In fixed film 
growth systems, settling tanks are used to separate solids that slough off the fixed 
media Tertiary settling tanks are used for enhanced suspended solids removal and to 
separate chemical flocs generated by chemical addition to the process flow stream 
(Diagger and Buttz, 1 992) 
Proper design of the secondary settling tank is especially critical in 
conventional wastewater treatment plants. The performance of a biological reactor 
depends upon the concentration of active biological solids in the reactor Most of these 
solids are usually provided by recycle underflow from the sedimentation tank A 
recycle stream with high concentration of settled solids enhances the efficiency of the 
biological reactor ( Sundstrom and Klei, 1 979). 
The settling characteristics of suspended particles depend upon the nature of 
the particles, their concentration, and the conditions in the settling basin For 
convenience, settling behavior is often classified into four separate categories In class 
I clarification, the suspension is dilute and the particles have little or no tendency to 
adhere upon collision E ach discrete particle has a constant settling rate that is 
independent of the other part icles. A grit chamber for heavy granular materials may 
approach this type of clarification In  class I I  clarification, the suspension is again 
dilute but some of the particles coalesce or flocculate during the settling period. Since 
the larger particles formed by agglomeration have higher settling velocities, the rate of 
settling changes with time. The wastes entering primary sedimentation basins 
frequently exhibit class I I  behavior. With cohesive particles at higher solids 
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concentration, class I I I  settling behavior is observed in  which the suspension settles as 
a mass with a distinct interference between sludge and clarified liquor Since the 
particles in the structure have little tendency to move past another, a clear line of 
demarcation is  established between solids and clean fluid Secondary sedimentation 
tanks usually operate in this zone settling regime As the floc structure builds up from 
the bottom of the tank, each layer of solids provides a degree of mechanical support to 
the layers above Since the weight of the solids is no longer supported by hydraulic 
forces alone, the solids are subjected to a compressive stress which compacts the floc 
structure When the floc provides support, it is in a compression regime (class IV) The 
solids concentration in the compression zone is related to the sludge depth and solids 
residence time in this zone ( Sundstrom and Klei, 1 979). 
2.2 U pgraded Sedimentation Tanks 
Tube settlers (also known as high rate settlers, Yao, 1 973) are recent technology 
devices that have been widely used, particularly in plant remodeling, to reduce 
sedimentation costs by reducing the surface area of sedimentation tanks and the liquid 
residence t ime (Fadel and Baumann, 1 990) .  It has also proven effective for improving 
the clarification function of clarifiers used in fixed growth biological wastewater 
treatment systems, and it has found some application to primary clarification (Diagger 
and Buttz, 1 992) . In recent years the use of tubular settlers have grown rapidly with a 
need for space conservation and compact, modular design for many requirements. The 
concept of stratified flow to facilitate flow floc settling is  not new. As early as 1 904, 
Hazen (Willis, 1 978)  reported on settling units which were designed using parallel 
sheets to produce the same effects that tubular settlers provide. At that t ime it was 
14 
recognized that efficient settling of the floc particles is not a simple function of 
detention time but also depends upon settling distance and flow-stream velocities The 
first experiments on stratified flow were conducted using shallow horizontal trays, 
which suffered from major deficiencies (Willis, 1 978) due to 
1 . The wide horizontal plates were hydraulically unstable . 
2 The minimum horizontal plate spacing was limited by the need to provide 
each plate with mechanical sludge removal equipment 
3 The cost was exorbitant 
In modem practice these horizontal plates have been replaced by steeply 
inclined, nested-tube structures, which have eliminated all of the earlier difficulties The 
two basic configurations of tube settlers are essentially the horizontal and the steeply 
inclined tubes. Essentially horizontal tubes have an angle of inclination to the 
horizontal, e, of less than 7 5 degrees, while steeply inclined tubes have an angle of 
inclination in the range of 45 to 60 degrees (Fadel and Baumann, 1 990) With the 60 
degree tubes, the continuous self-flushing sludge removal avoids the solids build up 
problem within the tubes and also avoids the design requirement for back flushing 
(Willis, 1 978) .  Special provisions, however, are usually needed to keep the settler 
clean in handling biological sludge. Essentially horizontal tubes yield better 
performance and require shorter tubes than steeply inclined tubes (Willis, 1 978), 
whereas steeply inclined tubes provide better operating conditions (Hernandez and 
Wright, 1 970) Steeply inclined tubes incorporate a self-cleaning characteristic whereas 
horizontal tubes require periodic flushing to remove stored particles after removal in 
the tube settler Steeply inclined tubes are nearly always in steady-state operating 
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condition that i , changes in the flow velocity and the effective tube diameter as a 
function of operating times are negligible because the particles that settle to the tube 
bottom will immediately slide down and exit the tubes On the other hand, essentially 
horizontal tubes store the settled particles so that they occupy part of the tube volume, 
reduce the available flow depth, and increase the flow velocity. Therefore, essentially 
horizontal tubes are not in a steady-state operating condition (Fadel and Baumann, 
1 990) 
Tube settlers consist of inclined plastic or metallic sheets placed in the eftluent 
zone of existing clarifiers. Tube settlers act as shallow clarifiers and improve 
performance of existing clarifiers by increasing the effective area for clarification . They 
may also partially modify the hydraulic flow pattern within the existing clarifier, 
thereby improving performance. The primary impact of the installation of tube settlers 
in an existing wastewater clarifier will be an increase in performance and / or capacity 
of the unit Just as with the installation of baftles, experience suggests that tube settlers 
will increase the clarification capacity of wastewater clarifiers, not their thickening 
capacity Tube settlers can be clogged if the sludge blanket rises and enters the tube 
assembly Experience also indicated that the sticky, putrescible solids typically 
encountered in wastewater treatment applications may lead to operational problems 
with tube settlers. The solids may adhere to the flat surface of the tube settler unit and 
build up with time Under severe conditions, hydrogen sulfide may be generated due to 
anaerobic activities. To avoid these problems, either a cleaning system must be 
provided or the clarifier must be removed from service periodically for removal of the 
accumulated solids The addition of tube settlers to existing clarifiers will require 
modifications that may be accomplished by plant operations and maintenance staff. In  
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other cases the assistance of a professional engineering firm and / or a construction 
contractor may be required ( Diagger and Buttz, 1 992) 
There are three basic requirements essential for successful performance of tube 
settlers 
1 - There must be laminar (or viscous) flow conditions within the tubes at the maximum 
flow rate required 
2 The residence time within each tube must be ample so that a floc particle entering at 
the extreme upper edge of the tube will have a sufficient time to settle to the 
collecting surface a vertical distance below 
3 The velocity of flow through the tubes must not exceed a critical maximum that 
would cause the settled sludge to lose stability and be swept out of the tube in the 
direction of normal flow (Willis, 1 978) . 
Tube settler has been tested for the removal of turbidity from water of the river 
Tigris prior to chemical coagulation. The study has concluded that tube settlers can 
remove turbidity from surface water containing sand, silt and clay particles before 
coagulation and therefore there exists a potential of their application in water t reatment 
plants using sedimentation basins. It has been found in the above study that the best 
tube inclination for turbidity removal was close to 40° with the horizontal low flow 
velocity results into higher turbidity removal (Sharnim and Wais, 1 980). 
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The so-called Tilted Plate Separator is a form of  high rate settlers, consisting of 
closely spaced inclined parallel plates The device is used fairly widely in Europe, and 
was listed as one of the top 1 0  most popular items of new equipment introduced in the 
year ending July, 1 969, by the magazine Chemical Engineering (Yao, 1 973 ) 
Another shallow settling device for solid-liquid separation was developed in 
Sweden, and was formally introduced into the market around 1 970 with the trade 
name of Lamella Separator The separator consists of inclined parallel plates spaced 
about 25 mm to 5 1  mm apart . The chief advantage of this kind of settler claimed by the 
manufacturer is the fact that the settled sludge moves in the same direction as the main 
flow This means that the sludge flow, instead of having to overcome the drag 
resistance of the main flow as in the upflow case, is actually helped by the main flow as 
in its downward movement . As a result an angle of inclination of 30° would be 
sufficient to obtain self cleaning action for alum flocs (Yao, 1 973 ) .  
Plate settlers are widely used in developing countries. The technology is  
available with vanous modifications to suit site specific problems. For example, the 
cost of covering a settler with plates is between one-half to three quarters of the cost 
of installing tube modules. In addition, the efficiency of asbestos cement or wood 
plates is higher than tube settlers because of better length to width relat ionships and 
hydraulic characteristics Local materials and labor may be used for the construction of 
inclined plate or tube settlers For plate settlers, the individual plates can be fabricated 
from polyethylene (or similar type of plastic) or of wood Plastic may be a problem 
because of inadequate stiflhess. Asbestos cement plates should be coated with plastic 
or with similar type of protective covering because of their susceptibility to corrosion 
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from alum-treated water and subsequent release of asbestos into the treated water 
Plates may be installed at one end of an existing settling tank allowing easy access for 
removal and cleaning Regardless of the steepness of the plate angle, it is necessary to 
remove the plates and clean them on a regular basis Algae growth on the plates can be 
a troublesome problem, especially in warm climates Constant attention must be paid 
to sludge removal and subsequent management and disposal . It is necessary to obtain 
equal flow distribution through all the plates or tubes and to maintain laminar flow 
Care should be also exercised in the design of tank ' s  outlet collection system to assure 
even distribution of flow through plates or tube modules This is more easily done with 
overflow weir outlets than with submerged launders In both inlet and outlet systems, 
the spacing between the plates should not exceed 1 5 meters, and inlet troughs or pipes 
must be installed over the entire surface of the tank, Lateral troughs or lateral 
perforated pipes should be used as distributors from a central influent channel . Plate 
settlers could be used for upgrading and plant expansion. If conventional designs have 
been used initially, plate settlers could allow plant capacity expansion by 50 to 1 50% 
(Martin and Martin, 1 99 1 ) . 
CHAPTER THREE 
MATERIALS AND METHODS 
CHAPTER T H REE 
MATERIA LS AND METHODS 
3. 1 Description of Dubai Sewage Treatment Plant  
The experimental study was conducted in Dubai sewage treatment plant (DSTP) at Al­
Awir The location of the sewage treatment plant with regard to topographic elevation 
has been selected as to enable effluent discharging into Dubai creek by gravity The 
difference in the level above sea level between first point in the treatment plant and last 
point is about 20 m, which enables the sewage to flow from one stage to another by 
gravity which saves the pumping costs .  The plant is designed to treat 1 30,000 m3/d in 
its first construction phase in the year 1 989 and is designed to be extended to treat 
double of the above figure after completion of the second phase by the year 1 999 
A detailed flow diagram of D STP is shown in Figure 3 . 1  The sewage 
treatment process consists of preliminary treatment, primary settlement, two stage 
biological treatment and rapid sand filtration.  The sewage is first conveyed in one inlet 
chamber from which it flows through four parallel screens, and four parallel grit 
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removal units Then i t  flows through four pre-aeration tanks followed by inductive 
flow measuring devices Then the flow is divided into three parallel lines, each of 
which is directed into the following sequence of treatment units 
- 6 rectangular primary settling tanks 
- 1 rectangular activated sludge aeration tank 
- 2 circular secondary settling tanks 
- 4 trickling filters 
- 2 circular tertiary settling tanks 
Treated effluent is then conveyed for polishing to 1 4  sand filters and discharged in two 
storage basins .  From there it is pumped to the irrigation system, after two step chlorine 
disinfection 
The secondary settling tanks currently in  operation In DSTP are of 
conventional gravity type These tanks are horizontal-flow circular shape with centric 
siphon inlet The total volume of the tanks is 48,300 m3, the surface area is 1 6, 1 00 m2. 
The total length of the discharging overfall amounts to 1 , 1 1 0  m, the retention time is  
4.5 h, the surface loading is  0 7 m31 m2. hr . The weir loading computes to 9 .7  m3/m hr 
The humus sludge is  concentrated in central hoppers by means of sludge scraping 
equipment The sludge, in terms of quantity, however, is controlled by the fluctuation 
of sludge level in the tank and is conveyed to the return sludge pumping station by 
gravity Also, the floating sludge reaches that station by gravity. The inner-top side of 
the structure has a peripheric scum board preventing floating sludge from uncontrolled 
run-off Finally, the effluent goes through an outlet channel and be conveyed to the 
second biological stage. 
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The sludge collected at the pnmary, secondary, and tertiary settling tanks is 
consolidated by using a chemical compound " polyelectrolyte" , then it is  anaerobically 
digested and dried thermally The process comprises the following units 
- 2 circular tanks for sludge consolidation 
- 3 sludge digestors for anaerobic digestion process 
- 2 circular tanks for digested sludge consolidation 
- 3 centrifuges for sludge dewatering to raise the solids from 7% to 1 8-20% 
- 2 rotating drum type thermal ovens which consume methane gas produced in 
anaerobic digestion process as fuel . 
3.2 Experimental Set-up 
In  order to conduct the study, a pilot plant was set up at the Al-Awir sewage treatment 
plant The location of the pilot plant was selected near the activated sludge pumping 
station and aeration tanks. The inflow of the pilot tank was from the second 
compartment of an aeration tank. The settled sludge was frequently removed to 
maintain the sludge blanket nearly at same level through over the test period. The 
effluent of the pilot tank as well as the settled sludge were diverted to inlet of returned 
activated sludge screw pumps of Al-Awir plant . 
The pilot plant consisted of the fol lowing 
1 - A pilot scale settling tank made of Plexiglas sheets with dimensions of Length 
Width' Height 1 . 2m:0 .4m: 1 2- 1 . Sm .  Ten removable Poly (vinyl chloride) 
(PVC) plates of 2mm thickness were placed at the outlet side of the tank to 
form a plate settler module. The dimension of each plate was 0 .4xO. Sm except 
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the last one which was of dimension 0 4x 6m The plates were fixed at 50 mm 
space from each other and at an angle of 60° the horizontal The bottom of the 
tank is inclined towards the outlet side at a slope of about 20% At the bottom 
of the tank, a drain pipe was fitted to withdraw the accumulated sludge 
Another pi pe was fitted just below the level of the plate settler to withdraw the 
sludge blanket Inlet and outlet pipes were fitted to the tank . An inlet channel 
was fixed to distribute the flow uniformly over the inlet weir. Also, an outlet 
channel was fixed to collect the effluent uniformly. The water level in the tank 
is 5cm above the plate settler module. Two baffie plates were provided, one at 
the inlet (fixed 1 0cm apart from the inlet weir) and the other plate was fixed 
just before the plate settler module. 
2. A submersible pump to deliver the influent from the high-rate aeration tank to 
the pilot scale tank 
Figures 3 2, 3 3 and 3 4 illustrate some details  of the inclined plate settler, the plate 
settler top view, and the experimental set-up including the plate settler, respectively. 
3.3 Analytical Procedures: 
Influent and effiuent samples were collected at different operating periods to examine 
the perfonnance of the inclined plate settler ( IPS)  at various preset incoming flow 
rates The samples were analyzed to determine the following parameters according to 
procedures outlined in "Standard Methods For The Examination of Water and 
Wastewater" , 1 7th edition, APHA, ( 1 989): 
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uspended Solids (SS)  This i s  the portion of total solids retained by a glass-fiber 
fi lter when a well-mixed sample is filtered and the residue retained on the filter is dried 
to a constant weight at 1 03 - 1 05° C 
- Total Solids (TS) . It is the term applied to the residue (material) left after 
evaporation of a well-mixed sample at 1 03 - 1 05° C This term includes both ' total 
suspended solids' the portion of solids retained by a filter and ' dissolved solids' the 
portion that passes through the filter 
- Biochemical Oxygen Demand (BOD) This is  an empirical test in which standardized 
laboratory procedures are used to determine the relative oxygen requirements of 
pol1uted waters The test measures the oxygen utilized for the biochemical degradation 
of primarily organic material (carbonaceous demand). The method also used to 
determine BOD consists of filling with sample, to overflowing, an airtight BOD bottle 
of the specified size and incubating it at 20 ± - 1  ° C for 5 days Dissolved oxygen (DO) 
is  measured initially and after incubation, and the BOD is computed from the difference 
between initial and final DO 
- Chemical Oxygen Demand (COD) . It is used as a measure of the oxygen equivalent 
of the organic matter content of a sample that is susceptible to oxidation by a strong 
chemical oxidant The test is useful for monitoring and control after correlation with 
BOD has been established . The method selected to perform the COD test is the open 
reflex method using potassium dichromate which is suitable for a wide range of wastes 
where a large sample size is preferred . 
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- Volatile Suspended Solids (VSS) The residue determined from SS test is ignited in a 
muffle furnace to constant weight at 5 50 ± 50° C The remaining solids represent the 
fi ed suspended solids while the weight lost on ignition i s  the volatile suspended solids 
The determination of VSS is useful in the control of wastewater treatment plant 
operation because it offers a rough apprmcimation of the amount of organic matter 
present in the solid fraction of wastewater 
- Total Volatile Solids (TVS) : In this test the sample is evaporated to dryness in a 
drying oven at 1 03- 1 05° C for 1 hr, then it is ignited for another 1 hr in a muffle 
furnace at 550 ± 50° C 
- Settleable Solids It can be determined and reported on either a volume basis (mVI)  
or a weight basis (mg/l) .  In  this study, the gravimetric method has been used to  
represent settleable solids .  
CHAPTER FOUR 
RESULTS AND DISCUSSIONS 
CH APTER FOUR 
RESULTS A N D  DISCUSSION 
4. 1 Performance of Conventional Sedimentation Tank 
The pilot-scale tank was used as conventional sedimentation basin by removing the 
plates The experiment consisted of five runs with different influent flow rates to 
simulate actual operating conditions of the secondary clarifier in the plant Each 
continuous run lasted for a minimum of 50 hours The influent to the pilot tank was the 
mixed liquor from the second compartment of a high rate aeration tank in Dubai ' s 
sewage treatment plant . The operating conditions during the testing period are 
presented in Table 4 . 1 From thi s  table it is clear that there was no much fluctuations in 
the influent characterist ics ( i .e  MLSS)  which could affect the performance of the pilot 
tank during testing period. The removal efficiency and variations in different parameters 
were plotted as a function of operating period as shown in Figures 4 . 1 ,  4 .2,  4 3, 4 .4  and 
4 . 5  for influent flow rates of 0 . 3 ,  0 .75 ,  l . 0, 1 .4 and 2 .0  m
3/hr, respectively. The term 
"PARAMETER (%)" in these figures represent VSS/SS and TVS/TS termed for short 
as VSS and TVS, respectively for effluent and for influent Similar to SS removal 
29 
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Table 4. 1 Operating conditions during experiment of conventional settling tank 
Temperature 
Q H RT MLSS SVI ( C
O) 
(m3/h r) (hour) (mg/l )  (ml/g) Liquid Air 
0 3  2 1 7  2085 1 49 29.6 29. 8 
0 75 0 87 2 1 70 1 48 28 .6  24. 8  
1 . 0 0 .65  2770 1 30 30 .0  30 .6  
1 . 4 0 .47 3 1 20 1 3 1  30 .6  3 1 . 3 
2 0  0 33 2390 1 25 30 6 27.0 
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efficiency, the BOD and COD removal efficiencies were more or less constant during 
the operating period at each flow rate This emphasizes that the tank performance was 
stable during the period of study 
Also the relationship between hydraulic residence time, HR T, and the removal 
efficiency of both SS and TS are shown in Table 4 .2  and Figure 4 6. It is clear from 
Figure 4 6  that while the o�SS removed is increased as HRT was increased, the %TS 
did not show a similar trend since % TS was almost constant, if not slightly decreasing, 
as HRT was increased. This may indicate that biological activities took place in the 
sedimentation tank especially at longer HRT ' s  thus transforming the biological SS into 
dissolved solids Such transformations would ultimately increase the TS concentration 
at longer HRT, i . e  decreases the %TS removal efficiency. This emphasizes the 
importance of evaluating sedimentation tank performance based on SS  (rather than TS) 
as usually reported in the literature. The effect in the case of the relationship between 
surface loading rate, SLR, and removal efficiency of SS  and TS is opposite to that 
observed for HRT as shown in Table 4 2  and Figure 4 .7 .  Meanwhile, the removal 
efficiencies obtained from the pilot tank were comparable to those obtained from the 
full-scale secondary clarifier in the sewage treatment plant but higher than those 
reported in the literature (Metcalf and Eddy, 1 99 1 ) . The good performance of the 
sedimentation tank during this study is possibly due to the good settleability of the 
biological solids as indicated by the sludge volume index (SVI ) values being in the 
optimum range of ( 1 25- 1 49 rnI/g) as presented in Table 4 . 1 
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Table 4.2 Performance of conventional settling tank in SS and TS removal 
Q HRT SLR SS removal TS removal 
(m3/hr) ( hour) (m3/m2.hr) (%)  ( % )  
0 . 3  2 . 1 7  0 63 94 . 8  59 6 
0 75 0 .87  1 56  94 7 67 .4 
1 0 0 65 2 08 94 1 62 0 
1 4 0 47 2 92 93 .6  66.0 
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Figure 4. 6 Performance of conventional settler at different hydraulic residence times. 
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4.2 Performance of Upgraded Sedimentation Tank Using Inclined Plate Settler 
The performance of the high rate, inclined plate settler was examined by applying nine 
different influent flow rates ranging from 0 3  m3/hr to 2 0  m3/hr in separate 
experimental runs. The durat ion of each continuous run was , at least, 50 hours during 
which different samples were collected from the influent and effluent of the tank . The 
main parameters ( i .e  SS,  TS, BOD, etc ) were determined and the removal 
efficiencies were calculated at different influent flow rates as presented in Figures 4 8 
to 4 1 6  From these figures it is clear that there is no much variability in performance 
of inclined plate settler during the operating period 
In other words, the performance was stable during each operating period 
studied The values of hydraulic residence time (HR T) in the pilot tank were calculated 
for each experimental run as illustrated in Table 4 . 3  and the corresponding SLR values 
are presented in Table 4 .4 .  The relationships between HRT and the removal 
efficiencies of both S S  and TS were established as presented in Figure 4 . 1 7, from 
which it is clear that the removal efficiency increases as HRT increases Figure 4. 1 8  
shows the relationship between SLR and removal efficiencies for both SS  and TS It i s  
evident that removal efficiency decreases as SLR increases Such trends are similar to 
those observed in the conventional sedimentation tank regarding percentage removal 
of SS  and TS in relation to HRT and SLR. In these experiments on the upgraded 
sedimentation tank, similar observations to those made during the experiments on the 
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Table 4.3 Operating conditions during experiment of inclined plate settler 
Temperature 
Q H RT MLSS SVI (CO) 
(m3/hr) ( bour) (mgll) (mJlg) Liquid Air 
0 3  2 04 l 73 5  1 1 6 25 .2  24 . 7  
0 5  l . 22 2470 1 22 29.3 28 .8  
0 75 0 82 2 1 72 46 1 27 2 22 2 
1 .0 0 6 1 1 784 476 27 6 2 l . 9 
1 2 0 . 5 1  2256 1 47 27 .9 22 .2 
1 . 4 0 44 2308 208 28 .0 23 . 5  
1 6 0 . 38  1 56 1  547 27 9 2 l . 7 
l . 8 0 .34  2494 1 28 28 . 1 24.9 
2 . 0  0 3 1 2093 1 07 28 2 23 8 
5 1  
Table 4.4 Performance of inclined plate settler i n  SS and TS removal 
Q H RT SLR SS removal TS removal 
( mJ/hr) (min)  (mJ/m2.hr) (%)  (%)  
0 3  2 04 0 24 97 7 56 1 
0 5  1 22 0 4  97 5 69 2 
0 75 0 82 0 6  97 9 54 6 
l . 0 0 6 1 0 79 97 5 43 8 
1 2 0 5 1 0 95 97 1 64 .2  
1 4 0 44 1 . 1 1  96. 7  47.6 
1 6 0 38 1 . 27 94 . 7  46 
1 8 0 34 1 . 43 97 2 64 . 8  
2 . 0  0 3 1 1 . 59 96.2 66 . 1 
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4.3 Comparison between Conventional and Upgraded Sed imentation Tanks 
In order to perform such a comparison, the removal efficiency for SS  which is a key 
parameter that indicates the performance of any sedimentation tank has been selected 
and checked for both types of the settlers at five different influent flow rates ranging 
from 0 3 m3/h to 2 0 m�/h. Comparing the results of analysis obtained from operating 
the pilot scale tank as a conventional sedimentation basin and as a high rate settler, i e. 
without inclined plates and with plates, it is apparent that during operation with plates 
the SS removal efficiency is better than in case of conventional tank by 2% - 3% 
which is a marginal increase in efficiency. However, the upgraded tank was capable of 
maintaining high removal efficiencies even when the biological solids had high sludge 
volume index (SVI)  as shown in Table 4 3  and 4 . 4, knowing that high SVI values 
(>200 rnl/g) are indicative of poor sludge settleability. 
The merit with plate settlers is  more apparent when settling rather than 
thickening is controlling the tank design. This may indicate that application of plate 
settlers in secondary clarification of biological sludge may not be as advantageous as 
their application in primary clarification of wastewater solids. However, when 
secondary clarifiers are overloaded or suffer from rising sludge problems, upgrading of 
such clarifiers using plate settlers is definitely advantageous. This is in addition to 
savmgs ill costs of land area covered by settlers which is much less in case of plate 
settlers than in case of conventional type gravitational settling tanks and savings in civil 
work costs if plate settlers are used 
4A M odel ing of I n c l i n ed Plate ett lers 
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It is assumed for the theoretical tudy that the flow in the inclined plate settler 1S 
laminar flow because both the flow velocity and the settler size are small (Yao, 1 973).  
Figure 4 1 9  hows the coordinate system used in the theoretical study. 
V s  
8 = A NGLE OF  I NCLI NAT I O N  
O F  H I C? ti · RAT E SE T 1lE R 
Figure 4. 1 9  Coordinates system /or theoretical study (after Yao, 1 9 73) 
The x-axis is parallel to the axis of the high rate settler as well as the direction of the 
main flow. The angle of i nclination of the plates is 8 while P represents a particle which 
i s  subject to t he drag force of the flow with a local velocity, J.l,  in the x-direction and a 
settling velocity,vs , in  the vertical direction (Yao, 1 973) .  
The design of settling tanks for water and wastewater treatment is usually 
based on the parameter overflow rate or surface loading rate , V 0 ,expressed as rate of 
flow per unit tank area (Demir, 1 995)  
56 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ( 1 )  
where 
A = the surface area of the settling tank 
Q = the influent flow rate to settling tank 
The concept was originated from the fact that, for an ideal uniform flow in a horizontal 
rectangular settling tank, the overflow rate represents the critical particle fall velocity 
(Yao, 1 969). Overflow rate is not a reliable parameter for tubular settler unless is  
coupled with other l imitations (Willis, 1 978)  A better basis for the surface loading rate 
(SLR) is to use as settling area the projected or equivalent area, defined as the area of 
the projection of the bottom of the tubes to horizontal l ine on a cross section of the 
tubes (Willi s, 1 978) .  In the case of the plate settler used in this study, the area is 
calculated as follows : 
At = Is . W s + n . Ip . W p • cos e - Ac 
Where 
. . . . .  . . . .  . . . . .  . . . .  . . . . .  . . . . .  . . . . . . . . . . . . . .  . . . . .  (2)  
At = the total area of  the inclined plate settler 
Is = the length of plate settler 
Ws = width of plate settler 
n = the number of plates 
Ip = the length of each plate 
W p = the width of each plate 
e = the angle of plate inclination from horizontal l ine 
57 
Ac � the port IOn of area covered by plates 
Applying Equation (2) to calculate surface area of plate settler results in the following 
At = 1 2 xO 4 + l O x 0 4 x 0 5 x cos 60 - 0 55 x 0 4 
= 1 26 m 
The results are presented in Table 4 2 for the case of conventional settler 
(without plates) and in Table 4 4  for the case of upgraded settler (with plates) 
Yao( 1 973) has developed the following equation to calculate the surface loading rate 
which can be used for different types of high rate settlers . 
Overflow rate = esco Vt / (sin8+ L cos8 ) . . . .  . . . .  . . . . . .  . . . . . .  . . . . . . .  . . .  . . . . . .  (3) 
Where: 
e = constant adjusted for the units used and is equal to 1 4  4 when Vt is in ern/min 
and overflow rate is in m3/m2 day 
Sc is a factor with its magnitude depending on shape of settler and equals 1 for parallel 
plate settlers 
Vt = average velocity through settler and is equal to the flow rate divided by the cross 
sectional area of the settler 
8 angle of inclination of plates from horizontal and is recommended in most 
literature to be between 40 - 60 degree (CuJp et aI. , 1 968, Sharnim and Wais, 
1 980, Schade et al. , 1 984, Dernir, 1 995)  
58 
L = relative length of settler and IS equal to the length of settler divided by plate 
spacmg 
The best relative settler length is about 20 (Yao, 1 969) In this study L = 20 
(em) / 5(cm) = 24 Table 4 5  shows the comparison between surface loading rate 
( SLR) as calculated using Equations ( 1 )  & (2)  and the figures calculated using 
Equation (3 ) derived by Yao 
The hydraulic residence time ( HRT) is also a crit ical factor within any high rate 
settler, whether it is tubular or plate It allows a particle to settle the longest vertical 
distance and can be easily calculated The HR T is equal to the length of tube I divided 
by l inear flow rate u in case of tube settler (Willis, 1 978) .  In case of this study using 
inclined plate settler the hydraulic residence time was calculated by dividing the flow 
rate by the effective volume of the settler which can be determined using the following 
equation 
where 
.. . . . . . . . .  . . .  . . . . . . . . .  . . .  . . . . . . .  . . . . . . . . . . . . .  . . .  . . . . . . .  . . . . . . . . . . . . . . . . . . .  . . . . . . .  ( 4) 
Ve = effective volume of plate settler 
Vt = total volume of plate settler without plates 
V p = volume occupied by plates 
In case of using the p ilot scale tank as conventional settler the term V p is equal to 
zero 
Table 4.5 Calculation of surface loading rate of inclined plate settler 
Q 
( mJ/hr) 
0 3  




1 . 4 
1 6 
1 8 
2 0  
SLR 
3 ., (m Im-.hr) 
Using Eq .  ( 1 )  &(2) 
0 .24 
0 .4  
0 6  
0 79 
0 .95 
1 . 1 1 
1 27 





Using Eq . (3 )  
0 .93 1 04 
1 . 54 1 . 72 
2 . 3  2 59 
3 . 1 3 . 45 
3 . 7  4 . 1 4  
4 3  4 .83  
4 .9  5 . 53 
5 . 6  6.22 
6.2 6 9 1 
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The most difficult problem in a high rate settling system is the removal of the 
settled sludge from the settler (Yao, 1 969) This problem was overcome in the present 
study by installing a motorized valve which is connected to a double function timer 
The later enables the operator to select the duration of settled sludge removal valve 
opening as well as the time lag between each valve opening and the other The set 
point of the timer was adjusted for each individual flow rate so as to maintain 
approximately constant sludge blanket in the settler during the testing period in order 
to minimize the effect of this factor on effiuent quality 
Based on the results obtained for plate settler, a statistical model could be 
formulated by applying linear regression analysis for the relationship between SLR and 
o oS S  removal . Figure 4 .20 illustrates the relationship obtained which could be 
expressed by the following equation: 
0/0 SS removal = 98.27 - 1 .38 SLR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (5) 
This is a statistical model describing the removal efficiency of SS  in the upgraded plate 
settlers Similarly the fol lowing equations had been obtained for BOD and COD: 
0/0 BOD removal = 96.25 - 1 .02 SLR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ( 6) 
0/0 COD removal = 95.53 - 0.8 SLR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (7) 
4.5 Dynamic Behavior of Upgraded Sedimentation Tank 
In this part of the experimental study, the tank performance was examined while the 
tank was subjected to sudden increase in influent flow rate which simultaneously 
changed the two main factors affecting design of any settler, i .e .  HRT and SLR Two 
6 1  
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Figure 4.20 Effect of surface loading rate on efficiency of inclined plate settler. 
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extreme values of flow rates , 0 . 3  m�/hr and 2 0 m'/hr, which have been used during 
the experimental study were selected to perform this part of the test The results of the 
tests are shown in Figure 4 2 1  for the case of conventional settlers and Figure 4 22 for 
the case of upgraded plate settler From these two figures it is clear that the plate 
settler can cope more efficiently with changes in its main design parameters than the 
conventional settler The concentration of SS and BOD in eflluent of the plate settler 
did not suffer deterioration when changing the influent flow rate from 0.3 m3/hr to 2 .0  
m3/hr Average change in S S  and BOD concentration during 3 periods of flow change 
was 1 30 0 and 1 6°� respectively. The situation with conventional settler was not the 
same, as can be noticed when the influent flow rate changed from 0 .3  m3ihr to 2 .0  
m3/hr and the eflluent concentration of SS and BOD increased by as  much as  44% and 
23° 0, respectively 
Another method to check the dynamic performance of plate settler was by 
operating the pilot-scale tank as upgraded plate settler for a period of time (2 hours) 
and then removing the plates to simulate conventional settler and repeating that twice 
in a full working day of 8 hours. The experiment was performed by applying maximum 
flow rate used during this study, i . e. 2 0  m31br. The results are shown in Figure 4 .23 .  
which indicate that the SS  removal efficiency is better during operating the pilot tank 
as upgraded plate settler. The average SS  removal efficiency in case of plate settler 
was 96 1 % compared to 94 9% for conventional settler, which proves the merit of 
using plate settlers to settle biological sludge in wastewater treatment plants. 
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Figure 4.22 Dynamic behavior of inclined plate settler. 
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4.6 Design of U pgraded Secondary Sedimentation Tanks 
In wastewater treatment plants, sedimentation is applied to a variety of organic and 
inorganic solids from raw or treated wastes Secondary settling tanks handle the solids 
in the eflluent from a biological reactor Proper design of secondary settling tank is 
especially critical in conventional wastewater treatment plants Design standards for 
settling tanks are often specified in terms of surface loading rate, solids loading and 
hydraulic residence time Surface loading rate permits evaluation of basin area from the 
volumetric flow rate of the feed To compensate for non-idealities in design, the 
theoretical surface loading rates are often reduced by 20-35% (Sundstrom and Klei, 
1 979) The following factors must be considered in the design of secondary settling 
tanks 
1 Tank type 
2 Settl ing characteristics of the sludge as related to the thickening requirements 
for proper plant operation. 
3 Surface - and solids - loading rates 
4 Sidewater depth 
5 Flow distribution 
6 Inlet design 
7 Weir placement and loading rates 
8 Scum removal 
The most commonly used types of conventional secondary settling tanks are 
either circular or rectangular Circular tanks have been constructed with diameter 
ranging from 3-60 m, although the more common range is from 1 0-40 m. The tank 
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radius should preferably not exceed five times the sidewater depth. There are two basic 
type of circular tanks to choose from the center-feed and the rim feed settling tank 
Both types use a revolving mechanism to transport and remove the sludge from the 
bottom of the settling tank: Rectangular tanks must be proportioned to achieve proper 
distribution of incoming flow so that horizontal velocities are not excessive It is  
recommended that the maximum length of rectangular tanks not exceed 1 0- 1 5  times of 
the depth but lengths up to 90 rn have been used successfully in large plants 
Operationally, secondary settling facilities must perform two functions ( 1 )  
separation ( i  e . sedimentation) of the mixed-liquor suspended solids from the treated 
wastewater, which results in a clarified effluent, and (2) thickening of the return 
sludge Both functions must be taken into consideration if secondary sedimentation 
tanks are to be designed properly Therefore, ample volume must be provided for 
storage of the solids during periods in which sustained peak plant loading are 
experienced Also, peak daily flow rates variations must be considered because they 
affect sludge removal requirements I n  general, the area required for clarification is 
based on the surface loading rate equivalent to the rise rate of the smallest particle to 
be removed from the clarified liquid in the upper portions of the settling tank. 
The efficiency of conventional secondary clarifiers may be improved by the 
installation of parallel inclined plates to establish laminar flow The plate settlers could 
be constructed of bundles of inclined plates set at selected angles (usuaUy 60 degrees) 
from the horizontal and installed toward the effluent end of the conventional 
rectangular clarifier. These settlers have a very short settling distance, and circulation 
is dampened because of the smaU size of the plates. Sludge that collects on the plates 
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tends to slide out due to gravitational forces I nstalIation of the plate settler in existing 
rectangular secondary sedimentation tanks would not interfere with nonnal operation 
of the tank Although the inclined plate settler will primarily improve the sedimentation 
of biological solids in the secondary clarifiers it may also contribute to better 
thickening of the solids in these clarifiers simply by increasing the amount of settled 
solids as well as agglomerating the solid particles. Installation of plate settlers in 
overloaded secondary clarifiers would overcome the problems of rising sludge solids 
at minimal cost compared to other solutions such as increasing tank depth, addition of 
chemical coagulants, . etc which contribute highly to capital and lor operation and 
maintenance (O&M)costs The major drawback in wastewater applications is a 
tendency of these plates to accumulate biological growths and grease but this could be 
controlled by periodic flushing of the plates. 
In order to design settling facilities effluent overflow rates should be based on 
peak flow conditions. The values mentioned in Table 4 .6  are typical values used for the 
design of secondary sedimentation following biological systems These values are 
based on wastewater flow rates instead of on the mixed liquor flow rates because the 
overflow rate is equivalent to an upward flow velocity (Metcalf and Eddy, 1 99 1 )  
Solids loading i s  used mainly to determine the area of the thickening region needed for 
the quantity of solids applied (Sundstrom and Klei, 1 979). The solid loading rate on an 
activated-sludge settling tank may be computed by dividing the total solids applied by 
the surface area of the tank I n  a settling tank of fixed surface area, the effluent quality 
will deteriorate if the solids loading is increased beyond the characteristic value for the 
suspension Typical solids-loading values used for the design of biological systems are 
0\ 
\0 
Table 4.6 Typical design information for secondary settler 
In ( M etcalf & Eddy, 199 1 ) 
Surface loading rate Solids loading 
(m3/m2.d)  (kglm2 b)  
Type of  treatment 
Average Peak Average Peak 






In this study 
Depth Surface Solids loading Depth 
loading rate 
( m ) (m3/m2d) (kg/m2 h) ( m )  
3 . 5-6 6-3 8 0 4 1 -3 3 3 
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given in Table 4 6 along with values recommended for plate settlers based on the 
results of this study 
Liquid depth in a secondary settling tank is normally measured at the sidewall 
In circular tanks and at the effluent end wall for rectangular tanks The liquid depth is a 
factor In the effectiveness of suspended-solids removal and in the concentration of the 
return sludge Current practice favors a minimum sidewater depth of 3 7 m  for large 
secondary settling tanks, and depths ranging up to 6 1 m have been used The 
advantages of deeper tanks include greater flexibility of operation and a larger margin 
of safety when changes in the activated-sludge system occur Other factors such as 
inlet design, type of sludge removal equipment, sludge-blanket depth, and weir type 
and location also affect sedimentation tank performance. I n  case of upgraded 
sedimentation tanks which are called shallow settlers the depth range from 1 . 3 -2 .0m. 
However, shallow settlers are recommended for primary sedimentation of wastewater. 
I n  secondary sedimentation o f  biological solids, addition depth is  required t o  allow for 
thickening of settled solids. 
Flow imbalance between multiple process units can cause under or overloading 
of the individual units and affect overall system performance. Effluent weir control, 
although frequently used to effect flow splitting, is usually ineffective and should be 
only where there are two tanks of equal size. 
Poor distribution or jetting of the tank influent can increase the formation of 
density currents and scouring of settled sludge, resulting in unsatisfactory tank 
performance. In case of circular center-feed tanks, the most common design used, 
small, solid skirted, cylindrical baffles are provided to dispute the influent energy and 
7 1  
distribute flow While in case of rectangular tanks, inlet ports or baffles should be 
provided to achieve flow distribution Inlet port velocities are typically 75- 1 50 mmls 
With low surface loading and weir rates, the placement of the weirs in small 
tanks does not significantly affect the performance of the settling tank Circular tanks 
are constructed with overflow weirs located near both the center and the perimeter of 
the tank In case of rectangular tanks, a horizontal baffie should be provided to deflect 
the density currents toward the center of the tank and away from the effluent weir 
Weir loading rates used in large tanks should preferably not exceed 375 m311in m.d of 
weir at maximum flow when located away from the upturn zone of the density current, 
or 250 m311in m d when located within the upturn zone. 
In many well-operating secondary plants, very little scum is formed in the 
secondary settling tanks However, when some floating material is present, its removal 
will be necessary. It has become standard practice in recent years to provide scum 
removal on all secondary circular settling tanks (Metcalf and Eddy, 1 99 1 ) . 
I t  is interesting to evaluate the removal of COD and BOD in addition to SS .  
Although the design of  sedimentation tanks primarily considers the removal of SS  
which contribute to  COD and BOD values, the removal efficiencies for COD and BOD 
were lower than those of SS  in both the conventional and the inclined plate settlers 
This can be seen from Table 4 . 7  which indicate that COD/SS and BOD/SS ratios did 
not remain the same in both the influent and effluent but rather increased in effluent 
Biological transformations of solids may have contributed to this difference knowing 
-l t-J 
Table 4.7 Average influent and effluent characteristics for conventional and inclined plate settlers 
Type of Q I nfluent 
settler (mJlhr) SS COD BOD COD/SS BOD/SS SS COD 
(mg/I) (mg/l) (mg/I) (mg/l) (mg/l) 
Conventional 0 .3  1 ,983 2,730 470 1 . 3 8  0 .24 1 00 1 98 
settler 0 .75  2,704 3 ,680 5 54 1 . 36 0 .20 1 40 2 1 1 
1 . 0 2,284 2,8 1 9  5 1 6 1 23 0 23 l 33 223 
1 . 4 2,653 3 ,24 1 670 1 22 0 25 1 69 236 
2 .0  3 , 1 90 3 ,898 658 1 . 22 0 .24 1 67 238  
Inclined 0 .3  1 ,735 2,340 588 1 35  0 .34 43 1 06 
plate 0 . 50 2,470 3 , 1 40 680 1 27 0 28 59 l 34 
settler 0 .75  2, 1 72 2,925 670 1 . 3 5  0 . 3 1 44 1 29 
1 . 0 1 ,784 2,460 630 1 . 3 8  0 . 35  44 1 50 
1 2  2,256 2,892 5 74 1 28 0 25 56 l 3 1  
1 . 4 2,308 2,673 754 1 . 1 6 0 .32  76 1 56 
1 . 6 1 ,56 1 2,866 585 1 . 84 0 3 7 89 1 97 
1 8 2,494 2,870 675 L 1 5  0 .27 67 l 33 
2 .0  2,093 2,548 609 1 . 22 0 .29 78 1 33 
_ . _-
Effluent 
BOD COD/SS BOD/SS 
(mg/l) 
3 8  1 . 98 0 3 8 
45 I .  5 1  0 32 
46 1 . 68 0 3 5 
52 I 40 0 3 1 
55  1 . 43 0 3 3 
30 2 .46 0 70 
27 2 27 0 46 
1 9  2 93 0 43 
26 3 40 0 59 
23 2 33 0 4 1 
35  2 05 0 46 
42 2 .2 1 0 47 
29 1 98 0 43 
33  l .  70 0 42 
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that the changes in COD/SS and BOD/SS ratios were higher at low flow rates (i e 
longer HRT ' s) Longer HRT will permit more biological activities and transformations 
to take place It can be also seen from comparison between conventional and inclined 
plate settlers regarding COD/SS and BOD/SS ratios that changes in such ratios were 
more obvious in the case of inclined plates Since biological solids that could attach 
themselves to biological transformation susceptible to biological transformation 
Table 4. 8 indicate that inclined plate settlers could achieve higher settled sludge 
solids concentrations compared to conventional settlers. Meanwhile, the actual full­
scale operation of secondary clarifiers at Al-Awir STP reveal that a maximum settled 
sludge suspended solids of 0 .6% (6000 mg/I) is obtained. This is comparable to the 
figures obtained in the pilot-scale conventional tank but considerably less than those 
values achieved with the pilot-scale upgraded tank (up to 0 9%) indicating better 
thickening of sludge solids in the later tank 
...... 
"'" 
Table 4.8 Average characteristics of settled sludge from conventional and upgraded secondary sedimentation tanks 
Conventional tank (without plates) Upgraded tank (with plates) 
Flow Rate SS TS COD SS TS COD 
(m3/hr) (mg/I) ( mg/l) (mg/I) (mg/I) (mg/I) (mg/l) 
0 3  6,483  8,092 8,655 8,750 9,5 84 1 0,080 
0 75 7,0 1 1 6,700 1 0,063 9,2 1 7  1 0,652 9,500 
1 . 4 3 , 555  4,676 6, 1 40 5 , 1 00 6,320 5,253 




CONCLU S IONS 
The following conclusions can be drawn based on the pilot plant testing of 
conventional and upgraded (inclined plate) settlers' 
1 .  The inclined plate settler has proved effect ive in improving the performance 
of secondary sedimentation of biological solids. 
2 Removal efficiencies of suspended solids, biochemical oxygen demand, and 
chemical oxygen demand were slightly higher in the inclined plate settler. 
3 In comparison with conventional settler, the inclined plate settler is less 
affected by overloading. If the design surface loading rate criteria for 
conventional settl ing tanks are used for designing high-rate settlers, the 
latter should perform better within the range of surface loading rates 
normally used in practical design. 
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4 The removal efficiencies increase with the increase of HRT and decrease of 
LR 
5 Suspended solids removal efficiency is a better parameter to describe the 
performance of sedimentation tanks compared to total solids Meanwhile, 
biological transformations of solids in the secondary sedimentation tank 
could contribute to BOD and COD which results in higher BOD/SS and 
COD/SS ratios in the effluent than in the influent This emphasizes the 
uniqueness of SS as a better parameter in performance evaluation. 
6 The mam advantage of inclined plate settlers in secondary sedimentation of 
biological solids lies in their capability of coping with plant overloading 
conditions Such settlers could be easily installed in existing rectangular 
sedimentation tank as a solution to rising sludge problems at minimal cost 
compared to other solutions such as increasing tank depth, addition of 
chemical coagulants, . etc .  I nstallation or removal of inclined plates would 
not interfere with normal operation of existing sedimentation tanks 
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